The development of efficient methods for the synthesis of cyclic peptides is of interest because of the many potential applications of this class of molecule. Pseudoprolines are derived from serine, threonine and cysteine and can be used as traceless turn inducers to facilitate the cyclization of a wide range of linear peptide precursors. The incorporation of a pseudoproline into the peptide to be cyclised generally results in a cyclization reaction that proceeds more quickly and with higher yield than that of an analogous sequence without the pseudoproline. Installation of a pseudoproline at the C-terminal position of a linear peptide sequence has also been shown to eliminate any epimerization of this residue during the reaction. Following pseudoproline mediated cyclization, these turn-inducers can be removed upon treatment with acid in a similar manner to other protecting groups to provide the native peptide sequence and in the case of cysteine-derived pseudoprolines, the resulting cysteine can be readily converted into alanine through desulfurization. These traceless turn-inducers have been successfully used in the synthesis of cyclic peptides containing either serine, threonine, cysteine or alanine residues.
Introduction
Cyclic peptides are of broad interest for applications ranging from medicinal chemistry to use as biomaterials. Naturally occurring cyclic peptides have been isolated from a variety of * Professor Kate Jolliffe was awarded the 2017 Arthur J. Birch Medal sources including bacteria, marine organisms and plants. [1] These natural products display a wide range of biological activities and generally exhibit improved biological properties (e.g. metabolic stability, resistance to proteases) when compared to their linear counterparts.
[2]
Cyclization can also be employed to constrain a linear peptide in its bioactive conformation, which can reduce entropy costs associated with a binding event, leading to improved binding potency and/or specificity if the constraint is correctly chosen. [3] More recently, it has been recognised that cyclic peptides may 'fill the gap' between small molecule drugs and antibodies and find applications in the inhibition of protein-protein interactions, with the cyclic nature of these molecules providing a high level of structural definition, together with sufficient flexibility to bind to dynamic protein targets. [4, 5] The well-defined structure that results from conformational constraint is also of use in areas other than drug discovery, with cyclic peptides having found application in supramolecular chemistry [6] and as biomaterials.
[7]
The potential applications of cyclic peptides and related macrocycles have led to significant interest in the development of methods for their synthesis, and these have been summarised in several reviews. [8] There are a number of ways in which a native peptide sequence can be cyclized: i) head-to-tail; ii) head-to-sidechain; iii) side-chain to tail and iv) sidechain to sidechain ( Figure 1 ). Of these, the head-to-tail cyclization reaction is often the most difficult to achieve for small peptide sequences (3-10 amino acids in length), because the preferred transoid conformation of the amide bonds in the linear peptide precursor does not favour a peptide conformation amenable to cyclization. [9] The head-to-tail cyclization reactions of these short peptide sequences are highly sequence specific and frequently slow and low-yielding.
Common side reactions include cyclodimerization or polymerization and epimerization of the C-terminal amino acid (unless this is Gly or Pro).
[8]
A range of elegant methods have recently been developed to facilitate the synthesis of cyclic peptides and related macrocycles (often labelled cyclic pseudopeptides), many of which introduce modifications into the peptide backbone. [10] While the resulting macrocyclic structures will find applications as outlined above, their properties are likely to be different to those of a cyclic peptide containing only amide-type linkages [11] and replacement of the amide bond is not always desirable (e.g. in the synthesis of small cyclic peptide natural products).
Therefore, the development of methods that facilitate the head-to-tail cyclization of a native peptide sequence remains of interest. Recently developed approaches to the head-to-tail cyclization of a native peptide sequence include the use of native chemical ligation, [12] α-ketoacid-hydroxylamine amide ligation, [13] traceless Staudinger ligation, [14] Ugi peptide ligation, [15] auxiliary based ring contraction approaches [16] and the use of traceless turn inducers. [9, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Traceless turn-inducers to facilitate peptide cyclization
The use of traceless turn-inducers provides a versatile strategy for peptide cyclization.
Turn-inducers facilitate head-to-tail peptide cyclization through increasing the population of linear peptide conformers in which the N-and C-termini of the peptide are placed in close proximity, and therefore likely to react. The traceless turn-inducer approach to peptide cyclization was developed following observations that the presence of known turn-inducing elements (e.g. Gly, Pro, N-alkylated or D-amino acids) improved the head-to-tail cyclization reaction of linear peptide sequences. [32] This was attributed to a lowering of the energy barrier for trans-cis isomerization of the amide bonds and first exploited by Cavelier et al., [9] who introduced removable Boc protecting groups onto the main chain nitrogen atoms of a linear peptide sequence, thereby providing, after cyclization, a cyclic peptide that was not accessible by direct methods (Scheme 1). Subsequently a variety of removable turn-inducers have been employed for peptide cyclization, including 2,4-dimethoxybenzyl (Dmb) protecting groups, [17] 2-hydroxy-6-nitrobenzyl substituents, [18] dehydrophenylalanine [19] and pseudoprolines. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] A related approach, which uses a removable tether to bring the N-and C-termini of a cyclic peptide into close proximity has also been reported. [33] This account will focus on the use of pseudoprolines as traceless turn inducers to facilitate the head-to-tail cyclization of peptides.
Pseudoprolines as traceless turn-inducers
Pseudoprolines (Y R,R' pros) are 5-membered ring analogues of proline, derived from serine, threonine and cysteine residues upon cyclocondensation with an aldehyde or ketone ( Figure   2 ).
[34] They were originally developed as tools to improve yields in solid phase peptide synthesis by preventing aggregation of growing peptide chains, [35] and are readily incorporated during solid phase peptide synthesis through coupling of the Fmoc-protected dipeptide building blocks, which are commercially available. The introduction of these modified amino acids into a peptide sequence has been found to favour a cisoid conformation of the N-substituted amide bond, with the cis:trans ratio dependent upon both the pseudoproline substituents and the nature of the heteroatom in the ring (O vs S). [34, 36, 37] Theoretical calculations on the cis:trans ratio of (CysY R,R' pro) containing dipeptides were in agreement with experimental results. [37] The high cisoid-amide bond character of peptides containing gem-dimethyl pseudoprolines suggested that these should be ideal turn-inducers to facilitate peptide cyclization. Indeed, early studies showed that replacing the proline residue in the pentapeptide Lys(Dde)-Pro-GlyLys(Dde)-Gly with a pseudoproline (CysY Me,Me pro) led to a dramatic increase in the ratio of cyclomonomer to cyclodimer (from 49:51 to 100:0) obtained upon cyclization. [20] Similarly, the cyclic tripeptide cyclo-[Pro-Thr(Y Me,Me pro)-Pro] was prepared in high yield from the corresponding linear tripeptide. [21] However, both of the above studies focused on the cyclization reaction itself and in neither case was the pseudoproline treated as a removable turn-inducer.
We subsequently employed a Thr derived pseudoproline as a removable turn inducer in the synthesis of the cyclic hexapeptide cyclo(Val-Thr-Val-Thr-Val-Thr) 1 (Scheme 2). [22] This is a particularly challenging target, as it is comprised of all b-branched L-amino acids, and it had been previously reported that attempts to cyclise the TBS-protected linear precursor under a wide range of conditions were unsuccessful. [38] If all three of the TBS protecting groups on the Thr residues were replaced with Y Me,Me pro groups as in linear peptide 2 we observed that consistently high yields of cyclic peptide 3 (84-99%) were obtained, irrespective of the coupling reagent used to effect cyclization. [22] Removal of the Y Me,Me pro groups was then In subsequent studies, [23] we observed that similarly high cyclization yields could be obtained The head-to-tail cyclization of all-L tetrapeptides is particularly challenging as a result of their highly constrained 12-membered ring structure. [9, 17] Pleasingly, the incorporation of two Y Me,Me pro residues (derived from either Thr or Ser) was found to facilitate the cyclization of a range of sterically congested all-L tetrapeptides (containing Leu, Ile, Phe and Val residues), and subsequent deprotection provided the native Ser-and Thr-containing cyclic peptides in yields of up to 60% (Scheme 3 ). [24] The pseudoproline-mediated traceless turn-inducer approach to peptide cyclization has also been applied to the synthesis of a number of small cyclic peptide natural products containing Thr residues. In the synthesis of mahafacyclin B 8, a naturally occurring cyclic heptapeptide with antimalarial activity, the use of a ThrY Me,Me pro residue at the centre of the linear peptide precursor 9 led to cyclization yields more than double those of the native sequence 10 (Scheme 4). [25] Importantly, the rate of cyclization for the pseudoprolinecontaining peptide was considerably faster than that of the native sequence (3 h vs 72 h to completion as determined by consumption of the starting material by HPLC), illustrating the enhanced reaction kinetics that can be obtained through forcing the linear precursor to adopt a conformation that places the reactive N-and C-peptide termini in close proximity. the t-Bu-protected Thr derivative. [26] Similarly, attempts to use a ThrY Me,Me pro to improve the yield of the macrolactonization reaction in the synthesis of the antimicrobial cyclic depsipeptide LIF-04a ( Figure 4 ) were unsuccessful. [27] These examples illustrate that if the turn-inducer does not create a conformation in which the N-and C-termini of the peptide are in close proximity, then cyclization is not assisted by its incorporation, partly explaining the frequently observed sequence-specificity of head-to-tail peptide cyclization reactions.
Having shown that, in most cases, SerY Me,Me pro and ThrY Me,Me pro residues can be employed as traceless turn-inducers to improve the synthesis of peptides that contain either Ser or Thr in their native sequence, we were interested in expanding the traceless turn-inducer methodology to the synthesis of peptides that did not contain either of these residues.
CysY
Me,Me pros are ideal for this purpose, since upon deprotection to give the free Cys residue, a desulfurization can then be achieved using one of the several methods developed to facilitate the synthesis of non-Cys containing peptides by native ligation. [39] The first example of the use of a pseudoproline residue in the synthesis of a peptide that does not contain a Ser, Thr or Cys residue in its native sequence was in the synthesis of the cyclic octapeptide, cyclogossine B (Scheme 5). [28] Replacement of an Ala residue by a CysY Me,Me pro in the linear peptide precursor 11 resulted in quantitative cyclization yield; a significant improvement on the 60% yield obtained for the native sequence under identical cyclization conditions. While it had previously been reported that CysY Me,Me pro residues could be removed from linear peptides upon treatment with trifluoroacetic acid (TFA) for 32 h, [34a] the pseudoproline in cyclic peptide 12 was resistant to removal under these conditions, leading us to explore alternative options. We found that trifluoromethanesulfonic acid (TFMSA), which is routinely used in Boc solid phase peptide synthesis, [40] was highly effective for the In subsequent studies, Postma and Albericio have employed CysY Me,Me pro residues to facilitate the on-resin side-chain to side-chain cyclization of two conotoxin analogues. [29] They observed that the incorporation of a CysY Me,Me pro residue greatly enhanced both the efficiency and rate of cyclization reaction and found that the deprotection reaction was highly sequence specific in a range of model linear peptides, with near-quantitative deprotection of peptides containing the Ser-CysY Me,Me pro linkage in under 1 hour upon treatment with trifluoroacetic acid. For the cyclic conotoxin analogues, cleavage from the resin using a TFA/TIS/H2O (95:2.5:2.5) deprotection cocktail effected partial pseudoproline deprotection.
We have also employed CysY R,R pro residues in the total synthesis of the naturally occurring cyclic pentapeptides, segetalins B and D ( Figure 5 ). [30] Neither of these cyclic peptides contains a Ser, Thr or Cys residue, but both contain at least one Ala. Replacement of Ala by a CysY Me,Me pro residue in the linear peptide precursor lead to high cyclization yields for both sequences and eliminated the formation of cyclodimers in the cyclization reaction.
Subsequent deprotection and desulfurization gave the natural products in good overall yields across the three step (cyclization, deprotection, desulfurization) sequence. However, if CysY H,H pro residues, which also favour a cisoid amide bond albeit not as strongly as the CysY Me,Me pro residue, were employed as the turn inducers in the cyclization reactions, both cyclomonomers and cyclodimers were obtained and the overall yields of cyclic products were lower. The time required for cyclization of the CysY H,H pro containing linear precursors (96 h for complete consumption of starting material) was also significantly longer than that of the CysY Me,Me pro derivatives (0.5 h). This highlights the importance of the linear peptide conformation in the cyclization reaction and suggests that slow cis-trans isomerisation around the amide bonds may be the rate limiting step.
Numerous b-thiolated amino acids have now been reported for use in native peptide ligation reactions [41] and we envisaged that these could also be converted to pseudoprolines and used as turn-inducers to facilitate peptide cyclization, thus significantly expanding the scope of the traceless-turn inducer approach to peptide cyclization. As proof-of-principle we investigated the use of a penicllamine derived pseudoproline (PenY Me,Me pro) in the synthesis of the naturally occurring cyclic hexapeptide dichotomin A (Scheme 6). [31] Two linear precursors containing the PenY Me,Me pro residue were cyclized in excellent yields in only 3 hours (87% and 88%, respectively), whereas cyclization of the native linear precursors containing Val residues in place of the PenY Me,Me pro occurred in only 36% and 33% yields and took 72 hours to reach completion. This is consistent with the incorporation of the turninducer increasing both the efficiency and rate of reaction as was also observed for the incorporation of the CysY Me,Me pro derivative above. However, deprotection of the PenY Me,Me pro residue in 15 was found to be slower than that of CysY Me,Me pro containing cyclic peptides, requiring treatment with TFMSA for 4 h. Under these conditions, some dehydration of the Thr residue in 15 was also observed, resulting in a decrease in the overall yield across the two step cyclization-deprotection sequence. Desulfurization of the isolated cyclopeptide 16
to give the natural product 17 was achieved upon treatment with nickel boride, illustrating that the pseudoproline approach can be expanded to incorporate b-thiolated amino acids. However, further work is required to optimise the deprotection and desulfurization conditions for these modified amino acids.
Conclusion
The incorporation of gem-dimethyl pseudoprolines derived from Ser, Thr, Cys and Pen into linear peptides has been found to increase both head-to-tail cyclization yields and the rate of the cyclization reaction for peptides ranging from 4-9 amino acids in length. In general, placing a pseudoproline close to the centre of the linear peptide is the most effective strategy to increase cyclization yield, but including a pseudoproline as the C-terminal amino acid has the added benefit of significantly supressing epimerization of this residue, thereby overcoming a problematic side reaction during peptide cyclization. Pseudoproline residues have also been shown to facilitate side-chain-to-side chain cyclization reactions of larger macrocycles.
For the cyclization of sterically congested peptides, more than one pseudoproline can be incorporated into the linear precursor and the optimal positioning of these with respect to each other depends on the length of the peptide to be synthesised. For cyclic tetra-and hexapeptides, incorporation of a pseudoproline at every second amino acid provides the highest cyclization yields, whereas for the cyclization of octa-and nona-peptides, additional residues to space the pseudoprolines further apart are required to prevent the peptide from adopting a helical conformation in which the reactive ends can not be brought together.
For the synthesis of peptides that do not contain Ser, Thr or Cys residues, Cys derived pseudoprolines provide a means of incorporating a traceless turn inducer, as upon deprotection of the pseudoproline group, the resulting Cys residues can be subjected to desulfurization to
give the corresponding Ala-containing cyclic peptides in good overall yields across the three step (cyclization, deprotection, desulfurization) sequence. This approach has been successfully employed in the synthesis of a number of naturally occurring cyclic peptides such as cyclogossine B and segetalins B and G. We have also shown that a penicillamine derived pseudoproline can be used to increase cyclization yield, but that in this case, removal of the pseudoproline residue requires harsh conditions which may result in undesired side reactions (e.g. dehydration) at sensitive side chains. Further investigations on the use of pseudoprolines formed from other b-thiolated amino acids, which will be less sterically hindered than the Pen derivative (containing secondary rather than tertiary thiols), may overcome this problem.
Overall, the incorporation of Y Me,Me pro residues into a linear peptide precursor provides an effective method for increasing peptide cyclization yields and, in the worst cases, similar yields in comparison to those of the native peptide sequence are obtained. Since dipeptides containing these simple side chain protecting groups are commercially available and easily incorporated into a growing peptide chain during solid phase peptide synthesis, their inclusion in any linear peptide that is to be subject to a cyclization reaction is highly recommended. 
Scheme and Figure captions

